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Cell death has been recognized as an essential part of neuronal development since the first half of this century (for rcvicw, see Oppenheim, 1981) . Decades of studies have led to the view that cell survival requires specific trophic factors that neuron acquire through cellular interactions in the period during which neuronal circuits are formed and refined (for review, see Purves, 1988; Oppenheim, 1991; Korsching, 1993) . The mechanisms of neuronal death are still largely unknown. Recent studies, however, have made clear that in many instances intrinsic death programs are activated by the cells, which "kill" themselves in the absence of appropriate trophic support (Martin et al., 1988; Raff, 1992; Galli-Resta and Resta, 1992; Johnson and Deckwerth, 1993; SilosSantiago et al., 1995) . Within this framework, one would expect cell death to be regulated by cellular clocks. To approach this problem from a new perspective, we have analyzed whether a temporal correlation exists between genesis and death of individual neurons disappearing during development. For this purpose, in selected neuronal populations we have labeled neurons born within limited time windows and assessed how their number varied in time, to establish when the labeled cells die.
We have focused on the ganglion cell layer (GCL) of the rat retina, which consists of two neuronal populations, retinal ganglion cells and displaced amacrine cells (Perry, 1981) . The GCL is particularly well suited for the present analysis because its sharp boundaries permit precise estimates of cell numbers. Furthermore, no newly born cells migrate through the GCL on their way to other locations, and no cells divide within this layer. These factors were prerequisites for the analysis used in the present study.
MATERIALS AND METHODS
Experimentul scheme. Cells of the retinal CCL born within limited time intervals were labeled with 5-bromo-2'-deoxyuridine (BrdU), which is incorporated in place of thymidinc by cells synthesizing DNA (Gratzner, 1982) . Pregnant rats were administered BrdU to label cells in the retinae of rat l'etuses. The retinae of one or more BrdU labeled pups (or fetuses) were analyzed at diffcrcnt ages to determine the number of labeled cells in the retinal GCL.
BrdOluheling.
Two complementary procedures of BrdU administration were used: BrdU injection and BrdU pellet application.
The combination of the two procedures allowed us to overcame the potential weakness of either method. BrdU injection provides a way to label cells born in a short interval, thus permitting a direct answer to the problem addressed in this study. However, BrdU injection has the drawback of a higher interindividual variability in counts of labeled cells when compared with pellets, and it introduces the difficulty of counting cells that are distributed with spatial gradients, as are cells generated on single embryonal days in the rat retina (Reese and Colello, 1992) . BrdU pellets label cells born on intervals of several days, thus decreasing the time resolution of the study. However, the use of pellets greatly reduces interindividual variability (most likely because of time integration) and leads to a homogeneous distribution of labeled cells in the retina, thus allowing accurate estimates of cell numbers.
In addition, BrdU pellets reduce (about threefold) the number of experimental animals required and permit the study of cells born during the same period in littermates that were all exposed at the same time and at the same dose of BrdU.
Surgical procedures and tissue prepuration. Long-Evans hooded female rats were kept for 12 hr with an adult male. The day of mating is embryonic day 0 (EO the interval during which labeled cells are born corresponds to the interval during which labeled mitotic profiles are present. The minimal duration of the interval during which labeled cells are generated is the length of the S-phase. BrdU is incorporated by cells in any stage of S-phase, which will complete DNA synthesis and go through G2 bcforc entering mitosis. Therefore, the first labeled mitotic cells will be observed after a delay of G2, the last after G2+S. Because the S-phase lasts scvcral hours in the rat retina (6-13 hr depending on the animal age; Dcnham, 1967) (L. Galli-Resta, unpublished observations), and because the gestational age was determined with a 12 hr resolution, we searched for labeled mitotic profiles every 12-24 hr. Mitotic divisions mostly occur in the most scleral portion of the retina, which lines the pigment epithelium and is at the opposite side of the retina with respect to the GCL. Labeled mitotic profiles were searched throughout the most scleral zone of the proliferative zone in whole-mounted retinae. 2a) (this long birth interval is attributable both to longer availability of BrdU when administered as a pellet and to higher initial BrdU content in labeled cells; data not shown). Whenever assessed (El9 and E21: Fig. 2h ; E13: not shown), the first labeled cells in the GCL were observed 3 d after BrdU pellet administration. The number of labeled cells in the GCL increased in the 9-10 d after BrdU application, then dropped to a constant value in an additional 1 d, in all cases tested (Fig. 2b,c) . Thus, the number of labeled cells became constant 5 d after the last labeled cells were generated.
A constant number of cells can either arise from a balance between new labeled cells arriving in the GCL and an equal number of labeled cells being eliminated, or correspond to the end of any detectable addition and elimination of labeled cells. Addition and elimination of labeled cells can be monitored separately. Dying cells are recognizable by their distinctive pyknotic morphology, and numerous labeled pyknotic cells (up to 75% of the total number of dying cells) could be observed before, and at the time the number of labeled cells was maximal. However, no labeled dying cells were observed once the number of labeled cells was constant (Fig. 3) .
Cell migration to the CCL could bc monitored as cells crossed the IPL, a layer of cell processes detectable as early as El8 (Brackevelt and Hollenberg, 1970) , which separates the GCL from the region where all mitotic divisions occur in the retina. Nearly as many labeled cells could be detected in the IPL as in the GCL in the initial phases, and numerous labeled cells in the IPL could be seen as long as the number of labeled cells in the GCL was increasing. However, no labeled cells were observed in the IPL once the number of labeled cells was constant in the GCL (Fig. 4) .
It seems reasonable to conclude that death of labeled cells is over once their number is constant or, more precisely, that a great majority of the labeled cells that die do so before the total number of labeled cells is constant, because the experimental error could April 1, 1996, 76 (Fig. 2b,c ) also show that most cells that die do so within 5 d of their genesis, as proven in the following considerations. Take for example the two cohorts of cells labeled by administering BrdU on El7 and E19, respectively. Cells of the El9 cohort born before postnatal day 1 (Pl) are also comprised in the El7 cohort (Fig. 2~) . Therefore, few of them can die beyond P4, because from P5 onward the El7 graph of Figure 26 is constant. Only cells of the El9 cohort born on Pl and P2, which are not comprised in the El7 cohort (Fig. 2a) , can die in great number on P5 and P6, as described by the El9 graph in Figure 2b (see also Fig. 2~ ). Because similar considerations apply to all cohorts of labeled cells, we conclude that a great majority of cells that die do so within 5 d of their genesis, as found in the BrdU injection experiment.
We also investigated whether the cohorts of labeled cells comprised both types of neurons found in the GCL (Perry, 1981) . Our analysis was limited to the composition of cell cohorts in adult animals (see Materials and Methods). We let a litter of animals reach maturity for each modality and age of BrdU administration.
In each case, the number of labeled displaced amacrine cells was determined by sectioning intraorbitally the optic nerves of three rats, and waiting 90 d for ganglion cells to degenerate (VillegasPerez et al., 1993) . To estimate the number of labeled retinal ganglion cells, we determined the difference between the total number of labeled cells in the GCL of normal animals and the number of labeled displaced amacrine cells we obtained in animals with intraorbital optic nerve section. Figure 5 illustrates that different cohorts of labeled cells comprised different proportions of retinal ganglion cells and displaced amacrine cells, as expected from previous studies (Reese and Colello, 1992) . Nevertheless, the 5 d limit between cell genesis and cell death applies to all cohorts. Therefore, it appears to apply to both retinal ganglion cells and displaced amacrine cells.
DISCUSSION
The results obtained in this study show that a majority of cells of the rat retinal GCL that die in development do so within 5 d from their genesis, independently of the time of their birth. This is the case for both retinal ganglion cells and displaced amacrine cells. Because newly generated cells migrate to the GCL in no less than 3 d, most cells that die remain in the GCL no longer than 2 d (5 -3 = 2). Below we discuss the implications of these findings. The following days are in boldface if BrdU-labeled mitotic figures were observed in the retina, and in normal type otherwise.
Dots stand for ages that have not been tested. Pl is the day after birth. A minimum of two retinae were analyzed for each time point. 6, Time course of the total number of cells in the GCL labeled after BrdU pellet application.
Bach graph reports the number of labeled cells found at different ages in the GCL of animals that received BrdU (pellet) at the same embryonal age (specified on the right of each graph). In all cases, the number of labeled cells in the GCL increased during the 9-10 d after BrdU administration and dropped to a constant value the next day. Each point represents data obtained from a single retina, to illustrate experimental variability. Different symbols in a graph refer to data from different litters. The experimental error attributable to variability in labeled cell density across the retina is exemplified by verticul bars for two cases in the El3 graph. The measures of the peak values were found statistically diffcrcnt from the data in the constant portion in all cases (EZ3: p < 0.0001; E/5: p < 0.0005; E17: p i 0.005; E19: p < 0.005; E21: p < 0.005; t test). c, The number of labeled cells becomes constant 5 d after the end of labeled cell genesis. The first day in each row is the time of BrdU pellet administration, and the last day is the last day the number of labeled cells varies (corresponding to the time the number of labeled cells is maximal).
P2P is P2.5. The interval of labeled cell genesis is in boldface. April 1, 1996, 76 (7) Most GCL neurons that die do so within 5 d of their genesis Labeled cells were first detected in the GCL 3 d after BrdU administration. Their number first increased before dropping to a constant value within a fixed interval after BrdU administration. A constant number of cells cannot be attributable to a prolonged balance between addition and attrition of cells. No labeled dying cells were seen after the number of labeled cells had reached a constant value, and no labeled cells were found migrating toward the GCL. Therefore, we conclude that a majority of cells that die do so within a constant interval from their genesis. This interval is -5 d irrespective of the time of cell birth and is likely to be the same for retinal ganglion cells and displaced amacrine cells, because it is independent of the cell composition of the single cohorts analyzed here. Recent studies have shown that cell death could be the result of a suicide program, which developing neurons activate unless blocked by external signals such as trophic factors (Galli-Resta and Resta, 1992; Raff, 1992; Johnson and Deckwert, 1993; SilosSantiago et al., 1995) . The existence of an intrinsic limiting time between genesis and death is consistent with this view, suggesting the presence of a cellular clock setting a maximal time for the activation of the death program.
It is important to consider that a limited number of cells could die beyond 5 d of their genesis, because a loss of <20% of the final number of cells would be undetectable in our analysis. Reducing the experimental error would allow us to address this issue directly, but it may prove impossible with the present technique, because the main source of variability is interindividual variability, which is thought to be intrinsic for developing systems (Williams and Herrup, 1988 (Reese et al., 1992), which seems to lead support to the possibility that a limited contingent of cells is not governed by the rule of a 5 d maximal limit between genesis and death (see below). The causes of cell death are still largely unknown, but a number of studies have shown the importance of target and afferent cells in rescuing developing neurons from death, leading to the view that apoptosis results from the competition of cells for limited amount of trophic substances and/or for limited synaptic space (see references in Oppenheim, 1981 Oppenheim, , 1991 Purves and Lichtman, 1985; Purves, 1988; Galli-Resta and Resta, 1992; Korsching, 1993) . The question arises of how the finding of a limiting interval between genesis and death relates to this picture. A definitive answer cannot be given even in the well studied case of retinal ganglion cells, because the time it takes for axons of individual cells to reach their target has not yet been determined. However, more than twice as many cells as those found in the adult retina can be labeled by injecting a retrograde tracer in the ganglion cell
El5
E17i El3p (black) and displaced amacrine cells (~&&-expressed as percentage of the total number of labeled cells in the GCL-for each age and modality of BrdU administration (i, injection; p, pellet) . The analysis was restricted to retinae of adult rats that received BrdU during embryonal life. A 20% error affects these data. target during development (Potts et al., 1982; Perry et al., 1983) , suggesting that many rat retinal ganglion cells die after contacting their target. The same conclusion is reached by considering that the first retinal ganglion cells are generated on El4 in the rat (Reese and Colello, 1992) , and the first retinal axons in the superior colliculus are detected on E16.5, less than 3 d later (Bunt et al., 1983) . Indeed, Golgi studies show that ganglion cells can send out their axons while migrating to the GCL (Morest, 1970) . Therefore, 5 d from genesis is likely to be an interval within which most retinal ganglion cells contact their target. This is almost certainly the case for amacrine cells that are located in close proximity to their target. Within this context, the specification of a fixed maximal life for neurons born during different time periods could act to reduce the disadvantage of late born cells among cells competing for limited resources. Furthermore, competition will be maximal, at any given moment, among cells born at the same time. This is because older cells will have past already their "deadline,"
whereas younger cells will be still far from their deadline. Several different functional types of retinal ganglion cells are present in the retina (for review, see Dowling, 1987) , and cells of the same type tend to be born at the same time within any given region of the retina (Walsh et al., 1983; La Vail et al., 1991; Reese and Colello, 1992) . Therefore, the presence of a limiting time interval between genesis and death might enhance competition among neurons of the same type, or even restrict it to them. This will occur even if all retinal ganglion cell types share the same target and most likely require the same trophic factors to survive.
An implication of the present results is that cell death might be a far more substantial phenomenon than currently believed. Indeed, while cell death is observed in the GCL for about 2 weeks, if neurons migrate to the GCL in no less than 3 d, and a majority of those that die do so within 5 d of their genesis, most cells destined to die remain in the GCL for a maximum of 2 d. Although this interval is likely to be the same for both ganglion cells and displaced amacrine cells, because it was the same for all cohorts that were composed of different proportion of the two cell types, further studies are required to solve this issue unequivocally. The total number of retinal ganglion cells declines from about 300,000 to little more than 100,000 in 12 d (Perry et al., 1983; Crespo et al., 1985) . Assuming a cellular turnover of 2 d means that at each given time, a minimal estimate of the number of cells that will die within the next 2 d corresponds to the q Figure 6 . A cellular turnover of 2 d implies that at least l,OOO,OOO ganglion cells die in the developing rat retina. Squares are data for the total number of rat relinal ganglion cells found at different ages as described by Perry et al. (1983) , and circles are from Crespo et al. (1985) . The curve delimiting the white area illustrates the gradual appearance of retinal ganglion cells surviving to adulthood. These cells are born between El4 and E20 (Reese and Colello, 1992) difference between the total number of retinal ganglion cells (Perry et al., 1983; Crespo et al., 1985) , and the number of ganglion cells surviving to adulthood that have already reached the GCL [ganglion cells surviving to adulthood are generated between El4 and E20 (Reese and Colello, 1992) and reach the GCL between El7 and Pl or later, because migration takes at least 3 d]. Taking the sum of the values obtained in this way at 2 d intervals (i.e., on El& E20, E22, etc.) provides an estimate of at least l,OOO,OOO dying retinal ganglion cells (Fig. 6 ). This is fivefold greater than the estimates of the maximum number of dying ganglion cells provided by conventional counting methods. Similarly, an increase of a factor of 5 is obtained for the number of dying displaced amacrine cells based on data from Perry et al. (1983) . These estimates would lead to an average clearance time for dying cells of 30 min to 1 hr, which corresponds to the clearance time for cells dying in C. elegans, the only case in which clearance has been directly observed (Ellis et al., 1991) . It remains to be established to what degree the findings of the present study can be generalized to other systems and to other species. Only experimental studies can address this issue, but it should be considered that in many instances, available data do not exclude the possibility that limited time intervals also exist for other cell types. Precise counts of the number of retinal ganglion April 1, 1996 April 1, , 16(7):2318 April 1, -2324 Galli-Resta and Ensini . An Intrinsic Cel l ul ar Time Limit for Neuronal Death cell axons performed throughout development in both monkey (Rakic and Riley, 1983a) and cat (Williams et al., 1986) show that the maximal number of axons is reached several days before the last growth cones are observed in the optic nerve, and these studies were among the first to suggest that cell death could be a much more conspicuous phenomenon than previously believed. A characteristic feature of the curves describing the decrease of the number of retinal ganglion cells is that they consist mainly of two phases, as do the curves describing death in many other developing neuronal populations [see Jacobson (1991) and references therein]. The total number of cells decreases at first very rapidly, as one would expect in the case of a limiting interval after genesis within which death occurs. A second phase follows in which a much more limited decrease is achieved during a longer temporal interval. Interestingly, experimentally induced increases in the total number of ganglion cells surviving death do not exceed the maximal number of cells found at the beginning of this late slow phase of normal cell decrease (cat: Williams et al., 1983; monkey: Rakic and Riley, 1983b; hamster: Sengelaub et al., 1983; rat: Crespo et al., 1985) .
It is tempting to speculate that these two phases reflect two different processes-the early phase regulated by a limiting interval between genesis and death, and the late phase, not ruled by a temporal relationship between genesis and death (Reese et al., 1992) that could correspond to a "fine tuning" of cell death, allowing for numerical matching between connected structures (for review, see Galli-Resta and Resta, 1992 ) elimination of erroneous projections (Cowan et al., 1984) etc. Distinct phases of cell death would be consistent with current evidence showing that different neurotrophic factors may be accessible to particular neuronal populations in specific spatiotemporal sequences, so that several neurotrophic interactions may be required for normal development of a neuronal type (for review, see Korsching, 1993) . The different phases of cell death could have different relevance in different neuronal populations, and the limiting intervals between genesis and death could vary from case to case. The validity of these concepts, which are readably testable, remains to be determined by future studies.
